We present the results of zero temperature macrospin and micromagnetic simulations of spin transfer switching of thin film nanomagnets in the shape of an ellipse with a spin-polarization tilted out of the layer plane. The perpendicular component of the spin-polarization is shown to increase the reversal speed, leading to a lower current for switching in a given time. However, for tilt angles larger than a critical angle, the layer magnetization starts to precess about an out-of-plane axis, which leads to a final magnetization state that is very sensitive to simulation conditions. As the ellipse lateral size increases, this out-of-plane precession is suppressed, due to the excitation of spatially non-uniform magnetization modes. V C 2015 AIP Publishing LLC.
I. INTRODUCTION
Spin transfer torque (STT) 1, 2 has been extensively studied for magnetic random access memory (MRAM) applications. 3, 4 STT based devices do not require external magnetic fields and as a consequence can be scaled to smaller feature sizes and large STT enables high speed operation. Conventional structures for STT-MRAM are based on magnetic tunnel junctions (MTJs) formed by two magnetic layers separated by a tunnel barrier. The magnetization of the two layers is usually collinear to maximize the read out signal of the memory cell. This also means that the spin polarization of the conduction electrons is collinear with the magnetization of the switchable layer (the free layer) and thus the STT is small when current is initially applied to the device. For a MTJ consisting of in-plane magnetized layers, a magnetic layer can be added to produce an additional component of the spin-polarization perpendicular to the film plane. This leads to an effective spin polarization of the conduction electrons that is tilted out of the plane, which can enhance the spin torque effect. 5 In this article, we present results of macrospin and micromagnetic simulations of the effect of a spinpolarization that is tilted out of the free layer plane. We note that STT switching has already been shown to be sensitive to the relative in-plane angle between the free layer magnetization and the spin polarization of the current carrying electrons. 6 Here, we simulate the magnetization dynamics of a thin CoFeB free layer in the shape of an ellipse with a spin polarized current with an in-plane component g ref and an additional perpendicular component g pol , associated with a reference layer forming the MTJ with the free layer and a perpendicular magnetized polarizer, separated from the free layer by a non-magnetic layer. These efficiencies set the angle the spin-polarization makes with the layer plane h t ¼ tan À1 ðg pol =g ref Þ, the tilt angle.
II. MACROSPIN THEORY OF SPIN TORQUE DYNAMICS
In a macrospin model, we consider a layer with biaxial magnetic anisotropy, an easy axis along the long axis of the ellipse, and a hard axis perpendicular to the thin film plane. The free layer's magnetic energy can be written as
x , where K is the easy axis anisotropy (along x) and D is the ratio of hard to easy axis anisotropies, with the hard axis parallel to z.
7,8
The STT is given by
where g is the generalized polarization efficiency, which will be written explicitly later (Sec. III) for the system studied here; J is the current density; m P is a unit vector in the direction of the spin polarization; M s is the saturation magnetization of the free layer; and d is the free layer thickness. Pinna et al. 7 showed that the resulting magnetization dynamics can be separated into three categories, direct switching between the in-plane states (e.g., m x ¼ 1 ! À 1), in-plane precession (IPP) about the easy axis, and out-of-plane precession (OOP). For each, there is a critical current density J SW , J IPP , and J OPP that determines the onset of the respective motion at zero temperature. For convenience, we rescale the current density by
where a is the Gilbert damping constant and H K is the inplane anisotropy field, defined below. After rescaling (i.e., J ¼ J=J 0 ), the critical current densities depend only on D, the ratio of the hard to easy axis magnetic anisotropies
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In a micromagnetic model, D can be related to the shape of the free layer and any crystalline or interface contributions to its magnetic anisotropy. We take the in-plane anisotropy to be associated with the demagnetizing field due to the elliptical shape of the structure. For the hard axis anisotropy, we include both the out of plane demagnetizing field and a perpendicular crystalline anisotropy K z . This anisotropy is introduced to account for interface perpendicular anisotropy, for example, at the CoFeB/MgO interface. 9, 10 In a uniformly magnetized element, the demagnetizing field can be described by the magnetostatic tensor N $ , which is diagonal for an ellipsoid and satisfies N xx þ N yy þ N zz ¼ 1. The energy density under these assumptions is
If the ellipse lies in the x-y plane with its major axis alongx then N zz > N yy > N xx . Since jmj ¼ 1, the m y terms can be eliminated to obtain
From this expression, we can determine D as the ratio between the coefficients of m 2 x and m
The effective magnetization perpendicular to the film plane
s ÞÞ and the in plane anisotropy field H K ¼ M S ðN yy À N xx Þ. The current scaling factor J 0 in Eq. (2) depends on the free layer geometry through H K .
The demagnetizing factors can be calculated or approximated analytically for an ellipse. However, we can also determine these factors directly from micromagnetic simulations by applying a field that saturates the magnetization along the symmetry axes, recording the demagnetizing energies and then dividing by l 0 M 2 s =2. Our results for various size samples are shown in Table I . These values have also been used to compare our macrospin and micromagnetic simulation results.
The two minima of Eq. (6) correspond to magnetization antiparallel (AP, m x ¼ À1) and parallel (P, m x ¼ 1) to the reference layer, i.e., the reference layer magnetization is aligned along the þx-direction. There are two transition points located at m y ¼ 61, with E ¼ 0. The curve given by E ¼ 0 is a separatrix, it separates in-plane (E < 0) and out-ofplane (E > 0) precessional orbits and has the form m x ¼ m z ffiffiffi ffi D p .
III. NUMERICAL SIMULATIONS
We performed zero temperature GPU based micromagnetic simulations of elliptical elements using the public mumax 3 package. 11 The ellipses have width W of 50 nm and the length L is changed to simulate a variety of aspect ratios. We simulate the response of the free layer to a pulse lasting t p ¼ 20 ns and record the relaxed state after the current is turned off. The initial magnetization is generated by relaxing a uniform state m x ¼ À1 in the absence of fields. As a result, the overall magnetization at the free layer's boundaries deviates slightly from Àx to minimize magnetostatic energy. The elements were divided into 2 nm Â 2 nm Â1:85 nm cells.
We assume that a perpendicular polarizing layer does not change the strength of the reference layer's spin torque effect; it adds a perpendicular component to the total spincurrent polarization. To prevent numerical artifacts arising from artificial symmetries, we introduce a slight misalignment d ¼ 1 between m P and the magnetic easy axis, i.e., m P ¼ ðcos d cos h t ; sin d cos h t ; sin h t Þ. The polarization is set to g ¼ g ref = cos h t to maintain a constant reference layer torque as we vary h t . The current is in the form of a pulse with characteristic rise and fall times of s ¼ 100 ps
where J max is the maximum current density. We simulated a variety of free layer aspect ratios L=W ¼ f2:0; 2:6; 3:0; 3:6g, tilts angles h t ¼ f0; 5 ; ::::; 50 g for currents of J max ¼ f2; 6; 10; :::; 98g GA/m 2 . The macrospin simulation was performed using a high order RungeKutta integrator with the same set of parameters.
IV. RESULTS
We use the time traces of the spatially averaged m x -component to identify switching events that occur during the 20 ns pulse. We summarize the results in Fig. 1 . The color code in this figure represents the different final states of the magnetization when the pulse is turned off. It also represents the trajectory the magnetization followed while the pulse was on. Red squares represent events where the magnetization did not escape from the m x ¼ À1 easy axis direction. We identify a direct switching event if hm x i undergoes a direct transition from À1 to 1 following the separatrix. These are represented by the green color. For higher tilt angles, we also observe the occurrence of the out of plane precession. Depending on the final relaxed state, these events are represented in violet (P) and blue (AP). The time when hm x i ¼ 0 we denote the escape time t e . We note that for direct switching events (green color) t e represents the true switching time, while for the violet and blue events it represents the onset time for OPP. The green areas in the state diagram are favorable areas to operate a memory cell, since direct switching can be obtained, while the violet and blue areas are possible configurations that function as an oscillator. We now discuss the general features of the data presented in Fig. 1 . First, in close agreement with the macrospin model (see the values in Table I) , OPP occurs frequently when h t > h c % 25
. This suggests that h t should be kept small to guarantee the predictability of the switching or kept large for oscillator behavior. Second, the current magnitude determines the time it takes to leave the AP state, and shows a weak dependence on the tilt angle; it moves to slightly lower currents as the tilt angle increases.
The switching currents in Fig. 1 are greater than the theoretical J ana SW from Table I . This is easy to understand as the analytical value represents the current for an event that requires infinite time. To determine more accurately the critical current, it is necessary to examine the dynamics in proximity of the AP state. The initial misalignment of the magnetization and the spin polarization will produce an oscillation. If the amplitude of the oscillation decreases, the device will relax towards the AP state; an increase on the amplitude of the oscillation indicates that given enough time the system will escape from the AP state. The last column in Table I (J num SW ) brackets the onset of this behavior in the micromagnetics simulations. The lower current results in damped oscillations, the higher current produces oscillations that grow in amplitude. This numerical range appears to be independent of h t . A comparison of the last two columns of Table I shows that the macrospin predictions are close to the results obtained in micromagnetic simulations. Now we compare the switching characteristics of the macrospin and micromagnetics simulations in Fig. 1 . The micromagnetic switching diagram has a larger non-switching (red) region. This is not the result of a change in J num SW but because of a longer incubation time seen in the micromagnetic simulations. We attribute this effect to the existence of non-uniformities in the magnetization during switching. To illustrate this point, we introduce a non-uniformity parameter
, which measures how far a micromagnetic state deviates from a macrospin configuration. Fig. 2 shows the m x -component for a macrospin and hm x i of a micromagnetic simulation as a function of time, as well as of the micromagnetic element. As the current pulse excites the sample, the macrospin switches at 15 ns, whereas the micromagnetic element builds up non-uniformities which slow down the switching process. At the end of the time trace (t % 19 ns), the amplitude of hm x i appears to have reached a maximum, this occurs at points in which a nonuniform mode has been excited. The configuration at t ¼ 20 ns in Fig. 2(b) presents large fluctuations at the extremes of the sample giving a glimpse of the reversal process induced by the STT. When the current is turned off, the micromagnetic element relaxes back into the AP state.
Another important difference between the two cases is that in the micromagnetic case the deterministic switch region (green in Fig. 1 ) appears to exist at larger tilts for moderate currents. The boundary between the deterministic and precessional switching regions seems to shift from a horizontal line into a convex curve (see black dashed curves in Fig. 1 ). We interpret this shift as evidence of excited (non- uniform) modes that are not possible in a macrospin model. The energy that the precessional mode would have leaks into other degrees of freedom and the out of plane precession becomes less favorable (or excited). In a similar fashion, cases with out of plane precession also give rise to high magnetization non-uniformities. In summary, non-uniformities affect the switching behavior in two opposing ways: first, they prolong the switching process; and second, they reduce the likelihood of out of plane precession.
We now present results on escape times for the simulations discussed above. In Fig. 3 , we plot pulse current amplitude vs. escape time for both types of simulation. Consistent with Fig. 2 , the escape times for the micromagnetic case are longer than the macrospin case for the same current density. Also, as expected spin-polarization tilts reduce the time it takes to escape from the AP state. This is seen as the progression of curves toward lower currents and escape times as the tilt increases. One key observation is that the biggest reduction in escape times occurs when the tilt angle is small (e.g., compare the shift from h t ¼ 0 to h t ¼ 5 and the shifts from h t ¼ 5 to h t ¼ 25 ). In this region, the escape leads to a direct switch. This shows a prediction that the biggest increases in the switching speed occur at low values of h t . Escape times at 25 and higher represent the time for the onset of the OPP. It can be concluded that large tilts do not produce a much faster transition into the OPP mode. In general, micromagnetic simulations predict longer escape times than the macrospin model.
V. CONCLUSIONS
In summary, we have presented macrospin and micromagnetic simulations for spin torque devices with a spin polarization that is tilted out of the free layer plane. We have compared these results to analytical models and found that it makes good predictions of the critical current J SW and the critical tilt angle h c . We have found from micromagnetic simulations that non-uniform magnetization dynamics slow the switching process and dampen out of plane precessional magnetization motion. There is overall agreement between macrospin and micromagnetics estimation of the escape times. Our result indicates that a perpendicular component of spin-polarization produces the greatest benefit for small tilt angles. 
